Malate synthesis by CO2 fixation in wheat (Triticum aestivum L.) and lupin (Lpinus luteus) roots was investigated by labeling with NaH13CO3 as well as with NaH"4CO3. The distribution of 14C label in the malate was examined, using enzymic degradation methods (malic enzyme, pyruvate decarboxylase) and, in the case of "3C, gas chromatography-mass spectrometry. In long-term experiments (2 to 12 hours), both methods showed that the I1-Cl and 14-Cl positions of malic acid are approximately equally labeled, in agreement with former findings. Short-term experiments (15, 30 seconds) showed that 14C is confined initially to the 14-Cl position of malate but then is distributed quickly to the 11-Cl atom. Neither labeling pattern nor rate of randomization was influenced by salt treatment. Analysis of malate from roots by gas chromatography-mass spectrometry, a procedure which was tested against in vitro-prepared 11-13CI-, 14_13C1-, and 11,4_'3CI malate, gave strong evidence for the existence of only singly labeled malate molecules. These data suggest that only one carboxylation step, catalyzed by phosphoenolpyruvate carboxylase and/or phosphoenolpyruvate carboxykinase, is responsible for malic acid synthesis in roots and that malate label is randonized by a fumarase-like reaction, presumably in mitochondria.
Malate is the major organic acid involved in ionic balance processes during excess cation uptake in plant roots (6, 8, 9, 14, 21) . It is widely believed that malate synthesis for this purpose takes place by ,8-carboxylation of PEP via PEP-carboxylase (7, 20) and PEP-carboxykinase (5, 12, 16) in the cytoplasm and that the organic anion is subsequently transported to the vacuole (13) . Activity of these two enzymes in vivo should lead to fixation of labeled CO2 or HCO3 into the [4-C] of malate. However, the malate labeled in long-term experiments with excised barley roots in H'4CO3-was approximately equally labeled in the [4-C] and in the [I-C] position (9) . In other long-term experiments with beet and carrot tissue slices, Splittstoesser (17) reported 64 to 94% label in the [4-C] of this acid. Because of these inconsistencies, we have reinvestigated the labeling pattern in short-term experiments to see if it is consistent with reactions catalyzed by PEP carboxylase or PEP carboxykinase, and have used GC-MS to determine if subsequent randomization of label is due to fumarase, as has been demonstrated for CAM plants (3, 4) . ' Supported by grants The combined extracts were fractionated by ion exchange (Dowex 5OW X8, 100-200 mesh, H'-form; Dowex 1, mesh, formate form), and the organic acids were eluted from the anion exchanger with 6 N formic acid. The organic acid fraction was dried under vacuum, and aliquots were subjected to to singledimension paper chromatography in the organic phase of amyl alcohol:H20:formic acid (3:3:1) (Whatman 3 MM paper). Malate was located on the chromatograms by using a strip-scanner in conjunction with a gas flow detector and then eluted with distilled H20. These malate preparations were examined for the "4C-con- (Fig. 1, B and C) . Doubly labeled molecules of malate are readily identified by the enrichment of the ion at M/Z = 335 and the weak molecular ion at M/Z = 350 (Fig. ID) .
The measured relative enrichments in specific fragments of malic acid (Table I) (Fig. 2, A and B) .
However, a rapid randomization of label between [4-C] and [I-C] carboxyl carbons is observed, and within 10 min only slightly more than 60% of the label remains in the [4-C] carboxyl. The rapid time course of randomization was not much altered by pretreating and exposing roots to H14CO3-in different salt solutions (Fig. 2B) . When roots were rinsed of H14CO3-after 10 min and returned to unlabeled K2SO4, CaCl2, or KHCO3 for 2 h further randomization was similar in each case (Fig. 2B) . Moreover, when roots were exposed to H14CO3-for 1 h and then retained in unlabeled salt solutions (5 mM) for a further 4 h, the extent of randomization was similar in all treatments (Table II) . Essentially, all of the 14C fixed into malic acid was restricted to the carboxyl carbon atoms in these experiments and in the shortterm and long-term continuous labeling experiments (95.6-99.1% (Table I) , the data also confirm the near 50%o distribution of this label between these two carbon atoms after lengthy exposure to H13CO3-. The enrichments obtained in these experiments are relatively low and SE are correspondingly high. Nevertheless, the data provide unequivocal evidence for the absence of doubly labeled malic acid molecules.
DISCUSSION
These results confirm earlier observations that malate formed after long periods of H"4CO3-fixation in excised roots of barley, Bryophyllum and in discs of beet, is about equally labeled in the [1-C] and [4-C] carboxyl carbons (2, 9, 17) . However, our data show that in short-term labeling experiments, malate is predominantly labeled in the [4-C] carboxyl, as would be expected from studies which implicate PEP carboxylase and/or PEP carboxykinase in malate synthesis (7, 14, 20) . This labeling pattern in malate is repeated in aspartate and asparagine isolated from the same roots (data not shown). As shown in Figure 2 , there is a rapid randomization with time in the distribution of label between [4-C] and [1-C] of malate (cf. 19 ).
Our GC-MS investigations confirm that only singly labeled molecules of malate are produced during H14CO3-fixation. These data provide strong evidence for only one carboxylation during HCO3 fixation in roots, as during malic acid synthesis in CAM plants (2, 3, 10, 11, 15, 19) , and suggest that randomization of label is caused by the action of fumarase (4) .
Although the extent of malate synthesis in excised low-salt roots is remarkably responsive to influence of external inorganic ions (13, 14, 16, 21) , these treatments did not much influence the labeling pattern or rate of randomization in our experiments.
